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ABSTRACT 

The U1A protein is a sequence-specific RNA binding 
protein found in the U1 snRNP particle where it binds 
to stem/loop II of U1 snRNA. U1A contains two ‘RNP’ 
or ‘RRM’ (RNA Recognition Motif) domains, which are 
common to many RNA-binding proteins. The N-terminal 
RRM has been shown to bind specifically to the U1 RNA 
stem/loop, while the RNA target of the C-terminal 
domain is unknown. Here, we describe experiments 
using a 102 amino acid N-terminal RRM of U1A (102A) 
and a 25-nucleotide RNA stem/loop to measure the 
binding constants and thermodynamic parameters of 
this RNA:protein complex. Using nitrocellulose filter 
binding, we measure a dissociation constant 
K d = 2x 10“ 11 M in 250 mWI NaCI, 2 mM MgC 2 , and 10 
mM sodium cacodylate, pH 6 at room temperature, and 
a half-life for the complex of 5 minutes. The free energy 
of association (AG°) of this complex is about -14 
kcal/mol in these conditions. Determination of the salt 
dependence of the binding suggests that at least 8 ion- 
pairs are formed upon complex formation. A mutation 
in the RNA loop sequence reduces the affinity 10 x, or 
about 10% of the total free energy. 

INTRODUCTION 

A family of RNP (ribonucleoparticle) proteins have been 
identified which share a putative RNA-binding domain of 
approximately 90 amino acids (variously called the RNP (1—3) 
or RRM for RNA Recognition Motif (4)). These proteins include 
the yeast poly(A) binding protein (5,6); the heterogeneous nuclear 
RNP A1 protein (hnRNP Al) (7) and C proteins (8); at least 
three proteins, U1A (9), U1 70K (4), and U2B" (10), associated 
with small nuclear RNPs (snRNPs); and the splicing factors SFII 
or ASF (11,12) and U2AF (13). Many of these proteins contain 
multiple contiguous RRM domains, while others contain an RRM 
domain within a context of other functional regions (2). 

The U1A protein is associated with U1 snRNP, where it binds 
specifically to the RNA sequence of stem/loop II of the 165 
nucleotide snRNA (9,14-16). There are at least 10 proteins 
associated with U1 snRNP, seven of which are common to U 
snRNPs (the Sm-proteins), and three others which are U1 
specific: U1A, U1 70K, and U1C (17). U1 snRNP itself is 
involved in recognition of the 5 splice site of pre-mRNA introns; 
the role of these proteins in that recognition, if any, is unknown. 


The U1A protein contains two RRM motifs, but only the 
N-terminal one is necessary for sequence-specific recognition of 
Ul snRNA stem/loop II (9,16). This first domain of U1A was 
crystallized (18) and shown to consist of four antiparallel /5-sheets 
and two a-helices, much as predicted by Ghetti et al. (19); the 
surface of the /5-sheets is the putative site of RNA binding. The 
structure adopted by the U1A RRM domain is presumably similar 
to that of other RRM-containing proteins and, by analogy, the 
site of interaction with RNA is likely to be similar for this family 
of proteins. Point mutations throughout the U1A protein have 
been shown to affect its ability to bind RNA (9,18,20); amino 
acid swaps with closely related U2B" protein (10) have been used 
to define the regions of U1A which confer binding specificity 
(15,21). The sequences of the protein which confer specificity 
are not identified yet for U1A, nor for any RRM-containing 
protein; the difference between specificity and affinity for binding 
is also unclear (22, for review). However, crosslinking 
experiments with the hnRNP Al protein have identified several 
amino acids apparently in contact with bound dT 8 (23); these 
sites are dispersed throughout the protein. 

We describe here a series of nitrocellulose filter-binding assays 
using the first 102 amino acids of U1A (102A) and a 
25-nucleotide RNA substrate to more completely characterize the 
parameters of this RNA:protein interaction. Several groups have 
measured the binding affinity of an N-terminal RRM domain of 
U1A for RNA (16,20) and obtained results significantly different 
from those presented here. In these experiments, the 
thermodynamic and kinetic parameters of the interaction are 
determined as a function of monovalent and divalent salt 
concentration. The effect of an RNA mutation on the affinity is 
also reported. 

MATERIAL AND METHODS 
Protein Purification 

The original clone of the human U1A protein (10) was provided 
by I.Mattaj (EMBL) and W.J.van Venrooij (Nijmegen) and 
recloned into an E.coli expression vector under control of the 
tac promoter. Recloning was done by PCR, which allowed 
introduction of a stop codon after amino acid 102 in the protein 
sequence. The new clones were sequenced, and SDS/PAGE gels 
run before and after induction with IPTG showed that proteins 
corresponding to the appropriate molecular weight were produced 
in large amounts. 


Source: https://www.industrydocuments.ucsf.edu/docs/rmxc0000 
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The N-terminal truncated U1A protein (102A) was isolated 
from E.coli grown in LB media and induced in mid-log phase 
with 1 mM IPTG. The cells were grown an additional 4 hr after 
induction, pelleted, and the pellets washed with 20 mM Tris, 
20 mM NaCl, 2 mM EDTA, pH 8.0, and stored as a pellet at 
—70°C until lysis. 

Two methods of lysis were used. In the first, cells were 
resuspended in 50 mM Tris, 20 mM NaCl, 2 mM EDTA, pH 
8.0 (Buffer A), and incubated on ice with lysozyme, followed 
by the addition of sodium deoxycholate (20 min each) in the 
presence of protease inhibitors leupeptin, pepstatin, and PMSF. 
The lysate was sonicated, then centrifuged at 4°C at 12000 xg 
for 30 min. The supernatant was dialyzed at 4°C for four hours 
against Buffer A containing PMSF, adjusted to 10 mM MgCl 2 , 
and digested with DNase I for one hour at 37°C. The solution 
was then fractionated with ammonium sulfate as described below. 

Alternatively, the cells were French-pressed in 30 mM sodium 
acetate, 20 mM NaCl, 2 mM EDTA, pH 5.3, (Buffer B) 
containing the protease inhibitors listed above. The lysate was 
incubated 30 min on ice with DNase n, then centrifuged at 
30000Xg for 30 min at 4°C. The supernatant was dialyzed 
against Buffer B containing PMSF at 4°C for four hours. 

The lysate was fractionated first with 30%, then 55% 
ammonium sulfate to collect the 102A. After dialysis against 50 
mM sodium cacodylate, pH 6 (Buffer C) to remove the 
ammonium sulfate, the fraction was applied to a CM-Sepharose 
column (Pharmacia) and the 102A eluted off the column in a 
gradient from 50 to 500 mM NaCl in Buffer C. This procedure 
gives 95% pure protein as assayed by silver-staining of SDS gels. 
A major difficulty with using lysozyme-treated cells was 
purification of the 102A away from the lysozyme, which has a 
similar molecular weight and apparendy similar ionic properties. 
Separation is achieved on the CM-Sepharose column using a 
shallow NaCl gradient and closely monitoring small fractions, 
for the lysozyme elutes just after the 102A. French-pressing 
obviously eliminates this problem. The characteristics of 102A 
obtained from both methods are identical. Concentration of 102A 
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Figure 1. A) RNA substrate compared to B) the normal human U1 snRNA 
stem/loop II. RNA substrate is synthesized enzymatically. 


was calculated spectrophotometrically using e 280 = 5 120 
M _1 cm" 1 based on four tyrosines (e 280 (tyr) = 1280 M~ 1 cm _1 ) 
in the fragment and the absorption in 6 M guanidine (24). For 
use in biochemical assays, the protein was dialyzed against 3 mM 
sodium cacodylate, pH 6, 50 mM NaCl at4°C overnight, which 
acts as a storage buffer. The circular dichroism spectrum of 102A 
was measured with a JASCO J600 spectropolarimeter. 

The oligomeric state of 102A was assessed by gel filtration 
using ACA54 (Spectrum, molecular weight range from 5kD to 
70kD) in 50 mM sodium cacodylate, pH 6, with 50 mM NaCl 
and with 500 mM NaCl (data not shown). The protein solution 
was layered on the column in a small volume at concentrations 
from 0.5 to 50 fiM in each buffer. The protein was eluted from 
the column with a flow rate of 6 cm/hr, and the absorption was 
monitored at 280 nm. Protein calibration standards were used 
to determine the apparent molecular weight of the eluted 102A 
protein. This was a matter of concern, since U1A N-terminal 
fragments form dimers in the crystal structure (18) but apparently 
not in the NMR experiments (25; data not shown). In these 
filtration experiments, 102A eluted as a monomer (—12,000 
MW). 

RNA Synthesis 

RNA substrates, with the sequence shown in Figure 1, were 
synthesized enzymatically using T7 DNA-dependent RNA 
polymerase, as described (26). T7 polymerase was purified from 
an overproducing strain (27). RNAs were labelled with a- 32 P- 
UTP or g£- 32 P-CTP. RNA was purified from 20% acrylamide/ 
8M urea gels using crush and soak methods. For binding 
experiments, the concentration of the RNA was determined from 
the specific activity of the incorporated radiolabelled nucleotide. 
In competition experiments, where excess unlabelled RNA was 
added, the concentration of that RNA stock solution was 
determined spectrophotometrically using an extinction coefficient 
of 2.36X10 5 M“ l cm _1 . The sequence of the RNA was 
confirmed using enzymatic digestion. 

In the solution conditions of these experiments, the RNA forms 
a monomolecular species, as determined by the concentration 
independence of the melting temperature. There are two 
transitions observed spectroscopically, one at approximately 45°C 
and the other at about 75°C in 100 mM NaCl, 1 mM MgCl 2 , 
10 mM sodium cacodylate (data not shown). The origin of these 
transitions is currently being investigated. 

Filter Binding Assays 

Nitrocellulose filter binding was used to determine the dissociation 
constant for the interaction between 102A and RNA substrates. 
A constant concentration of RNA was incubated with varying 
concentrations of protein in 10 mM sodium cacodylate, pH 6, 
and various concentrations of divalent and monovalent ions. 102A 
was serially diluted into assay buffer containing 50 jtg/mL 
acetylated BSA (New England Biolabs), at 4°C. Pipetting 
volumes of all protein solutions were never less than 25 fiL in 
order to minimize variability, which was most apparent in 
experiments when smaller volumes of protein solutions were 
used. The RNA was added to MilliQ water, heated to 90°C for 
5 minutes, and cooled on ice; tRNA was added to give 10 
jig/reaction. An aliquot of the RNA/tRNA solution was added 
to assay buffer plus BSA for each reaction to give a final RNA 
concentration of 2-4x 10“ u M, then protein was added to give 
the appropriate concentration. The final volume of the samples 
was 200 iiL. Concentrations of BSA and tRNA were varied to 
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assess the effect on the system; concentrations of BSA from 
0—100 fig/mL were tried and found to be equivalent, while tRNA 
concentrations from between 0 —10 pig were also tried; between 
5 —10 fig tRNA effectively reduced apparent nonspecific binding. 
After equilibration at room temperature for 40 minutes, samples 
were filtered through pre-soaked Schleichter and Schuell BA85 
0.45 p nitrocellulose filters using house vacuum with no 
subsequent washing. (Filters were pre-soaked in the buffer used 
for the binding experiments, without BSA or tRNA.) The filters 
were dried and counted with a Betagen. Free RNA was retained 
with 5 — 10% efficiency and this correction was made for 
subsequent calculations of bound complex. Each binding 
experiment was done in duplicate and the results at each protein 


concentration were averaged. Each experiment was repeated at 
least once. Data were fit by nonlinear least squares to a Langmuir 
isotherm (assuming a bimolecular association and unimolecular 
dissociation) after normalization of the retention efficiency, using 
Kaleidograph software. 

Gel Electrophoresis of Complexes 

Binding of RNA and protein was also observed from the shift 
in mobility of the RNA in nondenaturing gels of 8 % acrylamide, 
40:1 bis, 100 mM tris-glycine, pH 8. Gels were pre-run for 30 
minutes before the samples were loaded at 9 V/cm at room 
temperature or 4°C. The RNA and protein were mixed and 
allowed to equilibrate at room temperature for 30 minutes before 



WAVELENGTH (nm) 



Figure 2. a) Absorbance spectrum of 102A in 50 mM NaCl, 10 mM sodium cacodylate, pH 6, at room temperature, b) Circular dichroism spectrum of the 102A 
protein (2x 10 -7 M), 50 mM NaCl, 10 mM sodium cacodylate pH 6, room temperature. 
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the addition of glycerol to 5%. The samples were loaded 
immediately after addition of the glycerol. Sample volumes were 
15 jttL, and each contained 10 jig yeast tRNA. After the gels were 
run for approximately 1.5 hours, the bands were visualized by 
autoradiography. 

RESULTS 

Protein Characterization 

The absorbance spectrum of the purified 102A protein is shown 
in Figure 2a, and the circular dichroism spectrum in Figure 2b. 
The CD spectrum indicates that the protein is composed of both 
j3-sheet and a-helical regions, as previously determined from the 
crystal structure (18) and the NMR data (25). This information 
is important, since the protein structure was characterized in 
conditions very different from those used for our binding 
experiments. 

Gel Shift Assays 

Gel mobility shifts of the 32 P-RNA were used as a quick means 
to examine the relative binding of 102A to different RNA 
substrates and to RNA as a function of solution conditions. 
Results of one experiment to determine the effect of the salt on 
binding are shown in Figure 3; binding is clearly diminished at 
high NaCl or MgCl 2 concentrations. In all gel-shift assays, only 
two species were observed: one, the free RNA, and the other, 
the bound species. Even at micromolar protein concentrations, 
there was no evidence of complexes with apparently higher 
molecular weights, which would indicate the presence of dimers, 
trimers, or aggregates. Occasionally, RNA smearing was 
observed in the region of the gel between the free RNA and the 
complex, indicating faster dissociation rates of the complex such 
that the RNA falls off as the complex migrates through the gel. 
This smearing was observed for the normal RNA sequence when 
the binding reaction contained greater than 200 mM NaCl or 5 
mM MgCl 2 . 

Binding Constants and Stoichiometry 
Titration curves from filter binding experiments for 102A bound 
to the 25-nucleotide substrate RNA as a function of salt 
concentration are shown in Figure 4. The data shown are 
averaged from 2 to 6 experiments at the indicated NaCl or 
MgCl 2 concentrations. The calculated K D varies 2—3-fold with 
different RNA preparations, similar to the variability noted in 
other RNA:protein systems (28—30). 



Figure 3. Gel mobility shift of the RNA and RNA: 102A complex as a function 
of salt conditions. All lanes contained approximately 0.1 nM RNA and 50 nM 
102A. Buffer contains 10 mM sodium cacodyiate, pH 7. Lane 1: RNA alone; 
Lane 2: 50 mM NaCl, 0.5 mM EDTA; Lane 3: 100 mM NaCl, 0.5 mM EDTA; 
Lane 4: 200 mM NaCl, 0.5 mM EDTA: Lane 5: 50 mM NaCl, 1 mM MgCl?; 
Lane 6: 100 mM NaCl, 1 mM MgCl 2 ; Lane 7: 50 mM NaCl, 5 mM MgCl 2 ; 
Lane 8: 100 mM NaCl, 5 mM MgCl 2 ; Lane 9: 100 mM NaCl, 2 mM MgCb, 
pH 6. 


Control experiments showed that a) subsequent washing of the 
filters did not affect the binding curve, although the background 
was somewhat lower. Thus, the complex does not dissociate upon 
filtration, b) Protein which was prebound to the filter was unable 
to bind RNA. The protein was filtered in the usual way, then 
RNA was filtered through the same filter. No binding of RNA 
above background was observed at the protein concentrations used 
for the binding curves, c) The retention efficiency for the RNA 
was never 100%. This phenomenon has been noted previously 
(30,31) and is system-dependent. The actual retention efficiency 
for these experiments was dependent on the salt concentration 
and the RNA substrate and varied from 35—75% (the lower 
values were observed at high NaCl or MgCl 2 concentrations and 
high temperature). At protein concentrations lOOx in excess of 
the K d , there was increased retention of the RNA, suggesting 
some form of nonspecific binding. The assumption made for 
calculation of the binding constants was that the maximum 


A 




Figure 4. Salt dependence of the binding of 102A:RNA determined by filter 
binding. A) Binding isotherms as a function of NaCl concentration, in 10 mM 
sodium cacodyiate, 2 mM MgCl 2 , pH 6, room temperature. B) Binding 
isotherms as a function of MgCl 2 concentration in 250 mM NaCl, 10 mM sodium 
cacodyiate, pH 6, room temperature. Data are shown by circles or squares, solid 
lines are nonlinear least squares fits of the data to a Langmuir isotherm, after 
normalizing for retention efficiency. 
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retention represented the complete binding of the RNA. The 
specific value of the retention efficiency for each experiment was 
entered as input for computation of the K D , assuming a 
bimolecular association (a Langmuir isotherm). The values of 
the dissociation constants (K D ) are given in Table I. 

Calculation of the dissociation constant from the binding 
experiments assumes that one RNA is bound per protein 
molecule. To test this, the stoichiometry of the complex was 
assessed by titrating a constant concentration of RNA above the 
K d with increasing concentrations of protein. Results of one 
experiment (for 5.4X10 " 8 M RNA) are shown in Figure 5. The 
inflection point for these data occurs at [protein]/[RNA] = l:l, 
but values typically vary from 0.8 —1.3. Similar results are 
obtained with RNA concentrations of 10 -9 and 10 " 10 M. This 
experiment is sensitive to errors in RNA and protein 
concentration, as well as the presence of inactive RNA or protein, 
which could account for the variability observed. Unit 
stoichiometry is assumed in subsequent calculations, although this 
stoichiometry experiment cannot distinguish between 1:1 
complexes and other quaternary states such as 2:2, 3:3, etc. 

A comparison of the stoichiometry and binding affinity of the 
102A:RNA complex, using gel shift and filter binding, indicated 
that, under the conditions used for these experiments, the values 
obtained by the two methods did not agree. The stoichiometry 
measured by gel-shift was approximately 10:1 [102A]:[RNA] 
whereas with filter-binding the value was close to 1 : 1 ; in addition, 
the apparent affinity of the complex differed by at least two orders 
of magnitude between the two methods, with the lower affinity 
measured by gel shift. From these experiments, we concluded 
that filter-binding was the more reliable method for measuring 
the parameters of the interaction, but we cannot account for the 
disparity in the values of the affinity measured by these two 
methods. 

Specificity of Interaction 

The binding of 102A to its RNA substrate is very specific. Excess 
unlabelled RNAs were added to an equilibrated solution of 32 P- 
labelled 25-mer RNA bound to the protein ([RNA] =6.2x10 " 11 
M; [102A]=8X10" 10 M) and allowed to reequilibrate for 
30—40 minutes before filtering. These results (data not shown) 
showed that, while excess 25-mer substrate RNA can displace 
the bound RNA substrate, poly(A) cannot, even at a 500,000:1 
excess; neither does an 11-mer RNA duplex at 100,000:1. 
Similarly, tRNA (750,000:1 excess) is also unable to compete 
for 25-mer binding. 

Lifetime of the Complex 

Competition assays were used to measure the rate of dissociation 
of 102A and the 25-nucleotide RNA. 32 P-RNA was equilibrated 
with about ten-fold excess protein for 40—60 minutes at room 
temperature. An aliquot was filtered, then 1000 x-excess 
unlabelled RNA was added and mixed well. Aliquots were 
filtered at various times. Results from two experiments are shown 
in Figure 6 , where the data are fit to a single exponential. The 
dissociation rate varies with the salt concentration: k 0 jf= 0.024 
min " 1 ( 4 X 10" 4 sec" 1 ), with a half-life of the complex of 28 
minutes in 100 mM NaCl, 1 mM MgCL; k o jf=0.l4 min" 1 , for 
a half-life of 5 minutes in 250 mM NaCl, 2 mM MgCl 2 , at 
room temperature. 

Using the measured K D and k off , k on can be computed, using 
the relation K A =K D _1 , assuming that this is a simple 
bimolecular association, and that the equilibrium constant is 


equivalent to the association constant, where =K A = k on Ik 0 jr. 
For example, in 250 mM NaCl, 2 mM MgCl 2 , K D =2xlO " 41 
M, K A =5x 10 10 M" 1 , and & 0 „ = lxlO 8 M" l sec _1 , which is at 
the diffusion-controlled limit. Using this value of k on , which is 
unlikely to change with solution conditions at a constant 
temperature, the half-life of the complex as a function of salt 
can be calculated; these values are given in Table I. 

G15 Variant 

U1A has been shown to specifically recognize the loop sequence 
of U1 snRNA stem/loop II (9,14-16), and to be sensitive to 
mutations in that loop sequence. Position C72 in U1 snRNA (here 
Cl 5 ) is one of the nucleotides shown to be important for 
discrimination between U1 stem/loop II and U2 stem/loop IV 
(15), which contain the sequences 5 'AUUGCACUCC and 
5 'UAUUGCAGUACCU, respectively. While experiments had 
shown that U1A would bind an RNA containing the mutation 
C72—G72 (I. Mattaj, personal communication), the importance 
of this particular nucleotide suggested that mutation should 
weaken the binding by the protein. 

As shown in Figure 7, the binding curves of the C15—'G15 
mutant and the normal sequence show that, indeed, the affinity 


Table I. Salt Dependence of Binding 

Loop Sequence [NaCl] 
mM 

[Mgcy 

mM 

k d 

7*1/2 


WT 

150 

2 

2XKT 11 M 

5 min 


WT 

250 

2 

2X10" 11 M 

5 min 


WT 

350 

2 

8X10“ 10 M 

10 sec 


WT 

500 

2 

4XKT 9 M 

2 sec 


WT 

250 

1 

IX10"“ M 

12 min 


WT 

250 

5 

2 X10" 10 M 

36 sec 


WT 

250 

10 

4X10“'° M 

18 sec 


G15 

250 

2 

2X10-'° M 

36 sec 



All values of the dissociation constant, K D , are accurate to within 2-3 X. Half- 
lives of the complexes are calculated based on the association constant (K D *) 
using k on determined from the off-rate experiments described in the text. All 
experiments include 10 mM sodium cacodylate, pH 6; measurements were made 
at room temperature. 



Figure 5. Titration of 5.4 X10" 8 M RNA with 102A. Titrations were done in 
200 mM NaCl, 1 mM MgCl 2 , 10 mM sodium cacodylate pH 6 at room 
temperature. The break point in the titration curve is at 5.1 X10” 8 M protein. 


Source: https://www.industrydocuments.ucsf.edu/docs/rmxcOOOO 



4288 Nucleic Acids Research , Vol. 20, No. 16 


100.0 


80.0 


o 

CQ 


^ 60.0 


40.0 


20.0 



30.0 ■ 40.0 

Time (min) 


60.0 


70.0 


120 

•1 ■ \ - 


I B 

100 c 

L 

-o M 


3 

o 

• 

CQ 60 

- 


- 

40 

- 

20 

1 

- 

. 

0 

■ .1. u 

0.0 



> i I i i i r I 


_i_L 




10 20 30 40 -50 

■Time (min) ■ 


60 


70 


Figure 6. Dissociation of the complex between substrate RNA and 102A at room temperature after addition of excess competitor unlabelled 25-mer RNA. A) Salt 
concentration is 250 mM NaCl, 2 mM MgCl 2 , 10 mM sodium cacodylate, pH 6. B) Salt concentration is 100 mM NaCl, 1 mM MgCl 2 , 10 mM sodium cacodylate, 
pH 6. Data (circles) are fit to a single exponential decay (solid line), assuming first order kinetics. 


of the mutant is weaker by approximately an order of magnitude. 
The difference in the free energy of association (AG°) of the 
two complexes is about 1.4 kcal/mol. 

DISCUSSION 

Binding Affinities 

The first 101 amino acids of the U1A protein are sufficient to 
bind to stem/loop II of U1 snRNA, as shown by Scherly et al. 
(9,15) and by Lutz-Freyermuth et al. (14,16). Here, the first 102 
amino acid domain of U1A, which constitutes the RRM and 
includes two copies of an octamer amino acid sequence called 
the RNP consensus motif (2,5,8), is shown to bind very tighdy 
and specifically to a synthetic RNA substrate which contains the 
normal human U1 loop II sequence with a short 7 base-pair stem. 
The dissociation constant, measured by filter-binding methods, 
is about 2x 10“ 11 M in 250 mM NaCl, 2 mM MgCl 2 , 10 mM 
sodium cacodylate, pH 6. By comparison, the K D for the phage 
R17 coat protein interaction with its RNA stem/loop substrate 
is about 1X10- 9 M in 0.19 M salt (31), that of TF1IIA:5S RNA 
is 7X10" 10 M in 0.1 M salt (30), and that of the phage T4 
gp43:mRNA is 1X10" 9 M (32) in 0.2 M potassium acetate. 

The free energy of complex formation is calculated from the 
equilibrium constant (the association constant), from the relation 
AG° = —RTlnKgq. In 250 mM NaCl, 2 mM MgCl 2 , the free 
energy of association is —14.3(=t0.5) kcal/mol at room 
temperature. The G15 mutant, in the same conditions, has a free 
energy of association of —13(± .6) kcal/mol, approximately 10% 
less stable than the wildtype loop sequence. 

Previous Measurements . The K D of the amino-terminal domain 
of U1A:RNA association was previously estimated to be 

I— 8xl0 -8 M (16,20) which is 1000X weaker than the value 
measured here. Several experimental differences may account 
for the discrepancies: first, the value of 8xl0" 8 M was 
determined with an 86 amino acid peptide of U1A (amino acids 

II— 96) using gel-shift methods (16). Other data suggest that 



Figure 7. Binding curves for the normal and G 15 RNA bound to 102A in 250 
mM NaCl, 2 mM MgCl 2 , 10 mM sodium cacodylate pH 6, room temperature. 
The curve is computed with a nonlinear least squares fit using a Langmuir isotherm 
after normalization of retention efficiencies. 


regions outside of this fragment are involved in RNA binding 
(33), and so this shorter peptide may not contain all the necessary 
sites for interaction with the RNA substrate, or may have lost 
some necessary tertiary structure. In addition, our experience 
suggests that, for this system, gel shifts do not give accurate 
values of binding constants. The lower value, K D = 1 x 10" 8 M, 
was obtained with a protein construct apparently identical to the 
one reported here; the short RNA used differs in the stem 
sequence (20). Those experiments used 100 mM KC1, 10 mM 
Tris, pH 7.4, 2 mM MgCl 2 , 0.1 mM EDTA, and 0.5 mM 
dithioerythritol (20). To determine if there was a cation 
dependence of the interaction, we measured the dissociation 


Source: https://www.industrydocuments.ucsf.edu/docs/rmxcOOOO 







In K 


Nucleic Acids Research , VoL 20 , Afo. 16 4289 


A 



19 . 0 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 1 * 

- 2.0 - 1.8 - 1.6 - 1.4 - 1.2 - 1.0 - 0.8 - 0.6 


In [NaCl] 

B 



In [MgCl 2 ] 


Figure 8. Variation of K A as a function of salt concentration. Lines are fit by 
linear least squares to the data. A) NaCl was varied in a buffer containing 10 
mM sodium cacodylate, 2 mM MgCL, pH 6; B) MgCI 2 was varied in a buffer 
containing 250 mM NaCl, 10 mM sodium cacodylate, pH 6, at room temperature. 
Slope of the line—d(lnK A )/d(ln[M])= where [M] is the salt concentration 
(34). Error bars indicate the 2 x variation in the experimentally determined binding 
constants. 


constant using 10 mM Tris, pH 7.4, 2 mM MgCl 2 , with 100 
or 250 mM KC1. The results we obtained are identical to those 
we observed with NaCl; thus the difference cannot be a cation 
effect. The different values of the dissociation constant measured 
by different laboratories is puzzling, and we cannot explain it 
at this time. 

Ionic Strength Dependence 

Measurement of the binding affinity as a function of ionic strength 
provides an evaluation of the electrostatic contribution to binding. 
An analysis of the dependence of the affinity on ion displacement 
has been described for DNA:protein interactions (34), where 
8 (lnK A ) /<5 (In [ NaCl]) = —m'^. Here, m' is the number of ion 
pairs formed, and $ is the fractional counterion bound per 
phosphate. For double-stranded RNA, is assigned to be 0.89; 
for this RNA stem/loop, it is not clear what ^ should be, since 
there is clearly a contribution to binding from both the double- 
stranded stem and the single-stranded loop. Values of \{/ for single- 


stranded RNA vary from 0.78 for poly(A) to 0.68 for poly(U) 
(34); the loop, however, is not really single-stranded (based on 
NMR data not shown), and so it is impossible to estimate an 
appropriate value of 

. The plot of the data shown in Figure 8A shows that the affinity 
levels off at lower NaCl concentrations (similar to the behavior 
of the TFI3IA:RNA interaction (30)), probably due to the 
presence of MgCl 2 . A linear relation at higher salt 
concentrations gives a slope of —7.4 (±1.6). If t^= 0.89, then 
m'=8.3; if ^<0.89, to account for the contribution of the single- 
stranded portion of RNA, then m' will be larger. This value of 
m' must include both Na + and Cl”, but will not include the 
Mg 2+ , since it is held constant in these experiments. Thus there 
are at least 8 ions released during the binding of RNA and 102 A; 
had these experiments been done in the absence of Mg 2+ , the 
number of counterions released would certainly be larger, since 
Mg 2+ will reduce the binding constant of the RNArprotein 
interaction. [Mg 2+ ions are not necessary for complex 
formation, and titration curves measured without MgCl 2 can 
also be fit by Langmiur isotherms (data not shown).] 

If each lysine-phosphate-type ion pair is assumed to contribute 
a maximum of +0.2 kcal/mol in 1 M salt (35), then the 
contribution here would be (8 ion pairs) x (0.2 cal/mol), or +1.6 
kcal/mol. Extrapolating from the plot in Figure 8A to 1 M NaCl, 
where electrostatic contributions to binding are minimal, gives 
AG° = —8.1 kcal/mol. As an estimate, these values together give 
the total AG 0 nonelec trostatic =:=_9 - 7 kcal/mol. In the conditions of 
binding assays (250 mM NaCl), where the AG° = —14.3 kcal/mol, 
the nonelectrostatic contribution thus accounts for about 70% of 
the binding free energy. This proportion is similar to that estimated 
for the R17 coat proteimRNA interaction (80% of its binding free 
energy comes from nonelectrostatic contributions) (31), and for 
the L11:RNA complex (70% of binding free energy comes from 
nonelectrostatic contributions) (36). 

A similar analysis can be done to estimate the release of 
Mg 2+ and Cl” ions, and the results are shown in Figure 8B. 
The slope of the line here is -1.7; if Mg 2+ ions were simply 
substituting for Na + , the slope would be expected to be —3.5 
(from the ratio of the ion charges). The difference could be due 
to specific uptake of a Mg 2+ ion during binding; the slope 
indicates only release of ions, not total ions bound. This value 
also includes a (small) contribution from Cl”. 

By comparison, the interaction of the ribosomal protein Lll 
with its RNA target is only weakly dependent on the K + 
concentration (5(log K)/S(log[K + ]) = —1.4) (36), whereas the 
R17 coat proteimRNA complex is estimated to release 5 cations 
upon binding (31). Neither of these proteins has the RRM motif 
of 102A, and so the binding sites of these other RNA-binding 
proteins are expected to be different, as is reflected by the number 
of ions released. The putative RNA binding site on 102A is on 
the surface of the protein, which is accessible to solvent water 
and counterions. The exposed surface of the protein, with its 
charged amino acid residues, may account for the large number 
of ions released when the RNA binds, since the RNA would 
displace the bound counterions. It is certainly not clear, however, 
whether uptake and release of ions is on the protein or the RNA 
molecule, or a combination of both (37). More experiments are 
necessary to separate the effects of divalent and monovalent 
cations and anions on binding. By the nature of the error in the 
experimentally measured binding constants, as well as in the 
assignment of a value to ^ for this system, these arguments as 
to ions released are necessarily qualitative. However, by 


Source: https://www.industrydocuments.ucsf.edu/docs/rmxcOOOO 
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comparison with other RNA-binding proteins, it is possible to 
use these values to identify different modes of protein: RNA 
interaction. 

Affinity and RNA Mutation 

The sensitivity of the binding affinity to the loop sequence is 
demonstrated by the increased K D of the G15 RNA variant; this 
substitution has somehow destabilized the complex by 10%. Since 
this is one of the nucleotides which apparendy distinguishes U1 
stem/loop II from U2 stem/loop IV, it is not surprising that this 
particular nucleotide change should alter the binding 
characteristics. The loss of about 1.4 kcal/mol of binding energy 
could result from the loss of a hydrogen bond between RNA and 
protein; alternatively, the presence of the larger purine could 
sterically interfere with the interaction. The difference in the 
dissociation constants is also reflected in the lifetimes of the two 
RNA complexes. The normal RNA sequence, in 100 mM NaCl, 
has a half-life of about 30 minutes, while that of the G15 mutant 
is about 15 minutes (data not shown). 

We need to measure the affinity of other RNA mutations in 
order to assess the contributions of each nucleotide to the binding 
free energy. The free energy (AG°) of complex formation of the 
wild-type RNA may be separated into contributions from 
individual nucleotides plus the stem, if the contributions are 
simply additive; if there are conformational changes induced in 
either protein or RNA, then this reductionist approach to the 
affinity will not work. The contribution of the stem sequence 
also needs to be assessed; in our current model, the stem is 
necessary to provide a geometric arrangement of phosphate 
charges to the protein, and the sequence of the stem is relatively 
unimportant. Alternatively, however, the unpaired nucleotides 
in the wild-type U1 snRNA stem may be significant if there is 
a specific interaction between amino acid and nucleotide at this 
junction; this possibility needs to be explored. 

It is not clear why this system should require such tight binding, 
since specificity would be assured with a significantly larger 
dissociation constant (nM). Perhaps the resultant half-life of the 
complex is an important feature of this binding; perhaps in vivo 
there are more similar RNAs to compete for binding. Of course, 
in vivo conditions will be significantly different from those here, 
and the binding may be considerably reduced. Nevertheless, this 
high affinity is puzzling. 
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